In a previous study we showed, by transient expression studies in COS-1 cells, that the C-terminal domain of rat intestinal membrane mucin Muc3 was cleaved between glycine and serine within a GSIVV (one-letter) amino acid sequence during its residence in the endoplasmic reticulum. The extracellular domain fragment remained linked to the membrane-associated fragment by non-covalent interactions. The present study demonstrates that cleavage depends not only on the presence of the G/SIVV site (where G/S is the glycine↓serine cleavage site), but also on more distant C-terminal sequences in the SEA (sea-urchin sperm protein, enterokinase and agrin) module. Inhibition of N-glycosylation by tunicamycin treatment of transfected cells did not prevent re-association of fragments, although cleavage was partially impaired, as some of the non-glycosylated, noncleaved products were seen to accumulate in cells. Membrane targeting of the Muc3 domain and its cleavage products occurred in transfected cells and was not impaired in mutants in which the cleavage site was mutated. Targeting was also not impaired for products devoid of N-linked oligosaccharides. Our studies thus indicate that (a) cleavage within the SEA module of rat Muc3 requires participation of peptide sequences located C-terminal of and distant from the cleavage site, (b) re-association of the fragments requires the SEA module, but is independent of Nlinked oligosaccharides, and (c) membrane targeting of the mucin is independent of the SEA-module-cleavage reaction.
INTRODUCTION
Membrane-tethered mucins and their soluble counterparts are found in epithelial linings throughout the body. On the basis of knowledge of their structure, surface location and expression patterns, it is believed that these molecules play an important role in barrier function. In addition to presenting extended, heavily glycosylated domains on the cell surface, structural features within the C-terminal regions suggest that many if not all membrane mucins may have the ability to shed their extracellular domain and/or to engage in cell-signalling processes via their cytoplasmic tail [1, 2] . Human mucins MUC1 and MUC4, for example, have been implicated in the regulation of cell adhesion, growth and differentiation [3, 4] . Excessive shedding or release of extracellular domains of mucins is also a prominent characteristic of metastatic carcinoma, inflammatory bowel disease and cystic fibrosis [5] [6] [7] [8] [9] .
In a recent paper [10] we presented evidence that the expressed C-terminal domain of the rodent membrane mucin Muc3 (construct p20) undergoes proteolytic cleavage during an early period of biosynthesis in the endoplasmic reticulum (ER). The N-terminal cleavage fragment of 30 kDa was not secreted, but remained associated with the 49 kDa C-terminal membrane-tethered fragment by non-covalent disulphide-bondindependent interactions. The same process apparently occurs in vivo, since the corresponding two fragments of rodent mucin Muc3 were detected in isolated brush-border membranes. The
Abbreviations used: G/S, glycine↓serine cleavage site in one-letter amino acid code; rMuc3, rat intestinal mucin Muc3; N-glycosidase F, peptide-N 4 -(N-acetyl-β-glucosaminyl)asparagine amidase; EGF, epidermal growth factor; ER, endoplasmic reticulum; SEA, sea-urchin sperm protein, enterokinase and agrin; TM, transmembrane region. 1 To whom correspondence should be sent, at The Hospital for Sick Children, 555 University Avenue, Toronto, ON, Canada M5G 1X8 (e-mail jfforst@sickkids.on.ca).
biological purpose of the cleavage and re-association of fragments is not understood, but is possibly important for later release of the soluble extracellular domain into the intestinal lumen. Alternatively, cleavage may represent a mechanism by which the extracellular domain is primed for its later role as a ligand for a cell-surface receptor. These speculations are based on demonstrations by others [1, 4, 11, 12] that human MUC1 and rat Muc4 can be solubilized by a proteolytic cleavage near the Cterminus, and can interact with receptors on epithelial cells.
Using a series of mutant constructs, we established that the site of cleavage in rat intestinal mucin Muc3 (rMuc3) was in a sequence GSIVV located between the two epidermal-growthfactor (EGF)-like motifs in a region now called the 'SEA (seaurchin sperm protein, enterokinase and agrin) module' [13] . SEA modules are defined as conserved 80-110-amino-acid motifs that occur in extracellular matrix or membrane-associated proteins having diverse functions, but all characterized by being heavily Oglycosylated. In many G-protein-coupled receptors, SEA modules are found between EGF motifs with conservation of the GSVVV (amino acid one-letter code) proteolytic cleavage site [14] . Membrane mucins such as MUC1, MUC3, MUC12, MUC13 and MUC17, have also been shown to contain a SEA module motif in their carboxyl terminal domain, and to have the consensus cleavage site GSVVV [15, 16] . Experimental proof of cleavage at this site, however, is so far restricted to rMuc3 [10] , MUC1 [17] and Ig-hepta, a non-mucin plasma-membrane receptor [18] . In all cases, the cleaved fragments re-associate and the extracellular domain thus remains attached (indirectly) to the membrane. It has been proposed by Bork and Patthy [13] that SEA modules have an important adhesive function, possibly by facilitating binding to carbohydrate residues on neighbouring glycoproteins or proteoglycans. Wreschner et al. [15] have proposed that SEA modules (by undergoing cleavage) permit a protein to function as both a ligand and a receptor at the cell membrane (in a partnership) to elicit a signalling cascade.
In a previous study, a C-terminally truncated construct of rMuc3, designated p20t, which lacks the transmembrane region and cytoplasmic tail, was expressed in COS cells. The product was rapidly secreted into the medium, appearing as a broad band with a mid-point molecular mass of 35 kDa [10] . Although p20t contained the GSIVV site and 22 amino acids C-terminal to this site, it was not certain that G/SIVV cleavage had occurred during biosynthesis (G/S is the glycine↓serine cleavage site). We were suspicious, therefore, that cleavage of rMuc3 may require the presence of a more distant amino acid sequence on the Cterminal side of the G/SIVV site. Addressing this question, and thus determining the functional importance of the entire SEA module for cleavage, was one of the goals of the present study.
The product of another rMuc3 construct (p20s/a) in which the G/S-cleavage-site serine residue was mutated to alanine, failed to produce proteolytic fragments and was not secreted [10] . Whether this uncleaved product was correctly processed and targeted to the plasma membrane was not investigated. An attempt to establish a functional linkage between cleavage at the C-terminus and membrane targeting of the mucin represented a second goal of the present study.
In well characterized proteins containing SEA modules, it has been noted that the proteins act in heavily O-glycosylated surroundings [13] . In mucins, the regions which actually comprise the SEA modules are not heavily O-glycosylated, but contain a limited number of N-glycan consensus sites. The possibility that N-glycans might govern folding, cleavage, re-association of fragments, or membrane targeting of rMuc3 thus represented a third major goal of the present study.
Our findings provide a better understanding of the factors regulating membrane-mucin SEA-module cleavage, post-cleavage association, cell transport and membrane targeting. . Anti-6279 antibody was developed against a peptide sequence in the C-terminal domain of rat Muc3, and has been described previously [10] .
MATERIALS AND METHODS

Reagents
C-terminal domain constructs of rMuc3 (p20, p20t, p20s/a and p20SEA)
Constructs p20, p20t and p20s/a and the pSec expression vector used in these studies have been described previously [10] and are shown in Figure 1 . Another construct, p20SEA, was produced by site-specific mutation of p20 using the Quickchange TM site-directed mutagenesis kit (Stratagene). A stop codon was introduced at amino acid position 228 to produce a truncated form lacking the second EGF motif, transmembrane region (TM) and the cytoplasmic tail.
The primer pair used for PCR was sense 5 -CTGTGTCACGCCTTAATGTTCATCAGGC-3 and antisense 5 -GCCTGATGAACATTAAGGCGTGACACA-3 . Nucleotides shown in bold typeface represent the stop codon. Mutations were confirmed by DNA sequencing (Biotechnology Service Center, The Hospital for Sick Children, Toronto, Canada).
Transfection experiments
DNA transfections in COS-1 cells, SDS/PAGE and Western blotting of lysates and spent media were done as described previously [10] . Since the products of p20t and p20SEA were mostly secreted, assays of media rather than cell lysates for these samples were often chosen for presentation in the results (see below).
Purification and deglycosylation of His-tagged proteins with N-glycosidase F
His-tagged products of cell lysates were purified on a His*Bind R resin (Novagen, Madison, WI, U.S.A.), boiled for 5 min in 1 % SDS, incubated at 37
• C for 16 h with or without 20 units of Nglycosidase F in 10 mM phosphate buffer, pH 7.0, containing 30 mM sodium EDTA and 0.7 % Nonidet P40. At the end of the incubation period, an aliquot was concentrated and subjected to SDS/PAGE and Western blotting using anti-V5 antibody or anti-6279 antibody (epitope indicated in Figure 1 by an arrowhead). In the case of p20t and p20SEA transfections, N-glycosidase F (10 units) was added directly to the spent medium and incubated for 16 h at 37
• C prior to SDS/PAGE.
Metabolic labelling and immunoprecipitation of expressed proteins
35 S pulse-chase experiments with transfected cells and immunoprecipitation of products with anti-V5 antibody were carried out as described previously [10] . In some experiments, transfected cells were also incubated in the presence of tunicamycin (20 µg/ml) 2 h prior to the radioactive pulse, and tunicamycin was maintained throughout the entire pulse (15 min) and chase (0-4 h) periods. In the case of tunicamycin-treated p20SEA transfections, an aliquot of spent medium was also treated with N-glycosidase F prior to immunoprecipitation.
Immunolocalization of expressed proteins in transfected cells
COS-1 cells were grown in square mini plastic plates (10 mm × 10 mm) and transfected with p20, p20s/a or p20t. In some experiments, transfected cells were incubated with 5 µg/ml tunicamycin for the last 16 h of transfection. Following rinsing with PBS, cells were processed for immunolocalization with or without prior fixing for 5 min in chilled methanol. Non-specific binding was blocked by incubating cells for 1 h at 22
• C with 5 % normal goat serum in PBS. Immune serum binding was carried out by incubating overnight at 4
• C with anti-V5 or anti-Myc antibodies at dilutions of 1:200 (v/v). Cells were rinsed five times with PBS and incubated with cyanine (Cy 3 ) fluorophore-tagged goat anti-mouse IgG (Jackson Immunoresearch Laboratories, Mississauga, ON, Canada) for 1 h at 22
• C. Following five washes with PBS, cells were counterstained with Mayer's haematoxylin, 'coverslipped' using VectaShield mounting media (Vector Laboratories, Burlington, CA, U.S.A.), and examined under dark-field microscopy and photographed. Images were scanned and converted into black-and-white images by use of Adobe Photoshop software.
Denaturation by SDS or heating
Prior to immunoprecipitation, 35 S-labelled cell lysates of p20 were subjected to 2 % (w/v) SDS or boiling for 5 min. Samples containing 2 % SDS were diluted with radioimmunoprecipitation buffer ('RIPA' [10] ) and the SDS concentration was decreased to 0.4 %. Boiled samples were cooled to room temperature (20 • C). Immunoprecipitation was then carried out as described previously [10] using anti-V5 antibody.
RESULTS
Cleavage of rMuc3 at the G/SIVV site requires the presence of a more C-terminally located sequence in the SEA module
The four constructs used in the present study are shown in Figure 1 . The sequence for the C-terminal 380 amino acids of rMuc3 is encoded by p20. In our previous studies we established that this product is cleaved at the G/SIVV sequence (arrow) resulting in a V5-positive N-terminal fragment and a Myc-positive C-terminal fragment. As shown in Figure 2 (A), Western blots of p20 products showed V5-positive bands at 30 and 27 kDa (lane 1). Following treatment with N-glycosidase F, these were reduced to a single band at 22 kDa (lane 2). The C-terminal fragment ( Figure 2B ), appeared as a broad band most intense at about 49 kDa on Western blots with anti-Myc and anti-6279 antibodies (lanes 1 and 3). Following treatment with N-glycosidase F, the C-terminal product was reduced to a doublet at about 41 kDa, as judged by both anti-Myc and anti-6279 antibodies ( Figure 2B,  lanes 2 and 4) .
Two other constructs, p20t and p20SEA, were designed to determine if sequences distant from the G/SIVV site were important for the cleavage event observed in the p20 product. As shown in Figure 1 , the product of p20t is truncated in its Cterminal region such that it contains only the first 148 amino acids of p20, which include the GSIVV sequence with the G/S cleavage site located at amino acid position 125 and an additional 22 amino acids beyond the cleavage site.
When the truncated p20t construct was expressed in COS-1 cells, the product was found mainly (67 %) in the medium, and was detected as a V5-positive ladder of glycoforms (range 26-38 kDa) (Figure 2A, lane 3) . Following N-glycosidase F treatment, the bands collapsed to 26 rather than to 22 kDa (lane 4). If the p20t product had been cleaved at the G/SIVV site, the non-glycosylated V5-positive N-terminal fragment of p20t should have been at 22 kDa, as it was for p20. We conclude, therefore, that p20t was expressed, glycosylated and secreted, but was not cleaved at the G/SIVV site.
The rMuc3 product of p20SEA is also truncated in its Cterminal region, but has a total of 228 amino acids ( Figure 1 ) and is therefore much longer than the p20t product. If cleavage occurs at the G/SIVV site, the V5-positive N-terminal fragment of p20SEA was expected to be identical with that of p20 (i.e. 22 kDa). However, the C-terminal fragment of p20SEA was expected to be shorter than that of p20 (Figure 1) , since the EGF2-to-His segment is missing.
The p20SEA product was expressed, glycosylated and mainly (72 %) secreted, appearing as a V5-positive broad band at about 30 kDa (Figure 2A, lane 5) or a ladder of glycoforms ranging from 27 to 30 kDa. If no cleavage had occurred, the product would be 2) and spent medium (lanes 3-6) were immunoprecipitated with anti-V5 antibody, separated by SDS/PAGE and detected by autoradiography. 'C' refers to vector alone. In lanes 5 and 6, products were treated with N-glycosidase F prior to immunoprecipitation. Numbers on either side represent molecular mass (in kDa).
expected at a position of 45 kDa or more. Digestion of the p20SEA product (in spent medium) with N-glycosidase F gave rise to a V5 product at 22 kDa (Figure 2A , lane 6), indicating that the usual N-terminal cleavage fragment had indeed been generated in p20SEA transfects. The C-terminal fragment appeared as a broad band at about 32 kDa on Western blots using the anti-6279 antibody for detection ( Figure 2B , lane 5). Following treatment with N-glycosidase F, the product was reduced to a band at 19 kDa ( Figure 2B, lane 6) . We conclude, therefore, that amino acids within the SEA module, but located a considerable distance from the G/S site (i.e. beyond the 22 amino acids C-terminal of the site, which were present in p20t), were needed for G/S cleavage to occur. Cleavage did not require the presence of more distant domains, such as the EGF2, TM or C-tail domains, since these were not present in the p20SEA construct.
The SEA module is sufficient for re-association of cleaved fragments As shown previously, re-association of cleaved fragments occurs during biosynthesis shortly after the product of p20 is cleaved in the ER [10] . The re-association depends upon unidentified non-covalent interactions (i.e. independent of disulphide bonds). If the SEA-module sequence is sufficient to allow for reassociation of the cleaved fragments, we expected that the two cleavage fragments of p20SEA transfectants would both be immunoprecipitated by the anti-V5 antibody. Pulse-chase studies were carried out using vector alone (control) and p20SEA constructs as shown in Figure 3 . In the immunoprecipitates of both cell lysates (lane 2) and media (lane 4) the cleavage products were detected at positions corresponding to 30 and 27 kDa (i.e. the same as those seen earlier; Figure 2 ). The more diffuse bands seen in medium samples (lane 4) reflect the greater concentration of product in the spent medium. Both fragments were co-precipitated by anti-V5, thereby confirming that the SEA module is sufficient to permit re-association after cleavage. The major difference noted in the intensities of the two bands is probably a reflection of the number of cysteine/methionine residues present in each fragment. The N-terminal fragment of p20SEA has four times more residues available for labelling with [
35 S]cysteine/[ 35 S]methionine labelling than the C-terminal fragment.
An aliquot of spent media from p20SEA transfection was also subjected to N-glycosidase F prior to immunoprecipitation with anti-V5 to determine whether N-glycans present on the fragments were needed to maintain the association of the two fragments. This was clearly not the case, because the two nonglycosylated fragments of p20SEA cleavage (22 and 19 kDa) were co-precipitated by anti-V5 antibody (lane 6). Thus the noncovalent interactions which stabilize re-association of the cleavage fragments do not depend on the presence of N-linked oligosaccharides.
Heating and/or SDS prevent re-association of rMuc3 cleavage fragments
Following transfection of COS-1 cells with p20, cells were pulselabelled and chased as described above. At the end of chase period (4 h), cell lysates were either subjected to 2 % SDS treatment or boiling (100
• C for 5 min) prior to immunoprecipitation with anti-V5 antibody. As shown in Figure 4 (lanes 7 and 8) , compared with untreated cell-lysate controls (lane 1), anti-V5 antibody immunoprecipitated the N-terminal 30 kDa fragment but failed to precipitate the 49 kDa C-terminal fragment. Thus pre-boiling or preincubation in 2 % SDS prior to immunoprecipitation prevented re-association of the 30 and 49 kDa fragments. Furthermore, once dissociated, the fragments failed to re-associate, despite removal of SDS (dilution to 0.4 %) and/or cooling of the samples to room temperature.
N-linked oligosaccharides influence the cleavage reaction
In pulse-chase experiments, tunicamycin (20 µg/ml) was added for 2 h to cells transfected with wild-type p20 or its counterpart p20s/a in which the cleavage site G/S was mutated. Cell lysates and media were immunoprecipitated with anti-V5 antibody and the labelled products analysed by SDS/PAGE and autoradiography (Figure 4 bands represent the non-glycosylated fragments of p20 cleavage, corresponding to those generated earlier by N-glycosidase F (Figure 2 ). In the absence of tunicamycin, p20SEA constructs expressed products at 30 and 27 kDa (lane 5), while cells grown in the presence of tunicamycin expressed bands at 22 and 19 kDa (lane 6), also as expected from results produced previously and shown in Figure 3 . Thus the lack of N-glycans in the rMuc3 constructs did not prevent either cleavage or re-association of cleavage fragments. However, in both transfectants, tunicamycin had an additional effect, which was to cause some of the noncleaved, non-glycosylated product to accumulate. The relevant band was seen at 60 kDa in the case of p20 (lane 2) and at 36 kDa in the case of p20SEA (lane 6). The identification of 60 kDa as the non-cleaved non-glycosylated product of p20 was supported by its recognition by both anti-V5 and anti-Myc antibodies (the latter not presented), and by its correspondence with the mobility of the non-glycosylated product of the p20 s/a construct (lane 4). Thus tunicamycin caused a partial inhibition of rMuc3 domain cleavage. Because tunicamycin exerts widespread effects to prevent N-linked glycosylation of all or most glycoconjugates in cells, the partial inhibition of cleavage of p20 and p20SEA cannot be ascribed necessarily to a lack of N-glycans on the rMuc3 polypeptide. Nevertheless the results leave open this possibility and the notion, therefore, that N-glycans on rMuc3 somehow directly facilitate ER cleavage at the G/SIVV site. Further research is required to explore this hypothesis.
Targeting of rMuc3 products to the cell membrane
Influences governing membrane targeting were explored by immunolocalization experiments using both fixed (permeabilized) and non-fixed (non-permeabilized) COS-1 cells after transfection. The importance of the TM plus C-tail region was investigated by comparing V5 and Myc immunoreactivity in p20 and p20t transfectants. As shown in Figures 5(a) and 5(b) , the product of p20 was detected by both antibodies in fixed cells in a perinuclear position and on the cell surface. In non-permeabilized cells, immunostaining was confined to the cell surface (Figure 5c ). Vector-alone (control) transfectants were negative (not presented). Thus despite cleavage of the p20 product and re-association of cleavage fragments, the putative 'soluble' extracellular fragment remained anchored to the cell surface with its N-terminal V5 epitope exposed. The expressed product of p20t as detected by anti-V5 antibody was localized only around the perinuclear region, as observed in a few of the permeabilized cells (Figure 5d ), and no staining was observed in non-permeabilized cells (Figure 5e ). Both results are consistent with previously obtained results showing that most of the p20t product is secreted.
To determine whether cleavage of the SEA module and reassociation of fragments were needed for membrane targeting, the V5 immunoreactivity of p20 and p20s/a transfectants were compared. In Figure 6 , the distribution of fluorescence in both fixed (Figure 6a ) and non-fixed (Figure 6b ) p20s/a transfectants resembled that of p20 transfectants (Figures 5a and 5c ), in showing staining both inside and on the surface of cells. Thus cleavage was not essential to obtain correct membrane targeting of rMuc3.
The possible requirement for N-glycosylation of rMuc3 (or its cleavage fragments) to obtain membrane targeting was investigated by comparing V5 immunoreactivity of p20 and p20s/a transfectants preincubated with or without tunicamycin Immunolocalization experiments thus indicate that the presence of the TM plus C-tail region is essential for membrane targeting, but neither cleavage in the SEA module nor glycosylation regulate membrane targeting. 
DISCUSSION
SEA modules in mucins
Membrane mucins have now been added to the growing list of diverse O-glycosylated proteins that contain SEA modules. Although sequence homology is not prominent among SEA modules, the presence of a conserved proteolytic consensus sequence (G/SVVV) within an 80-110-residue domain of alternating α-helix and β-sheet secondary structure are defining characteristics. Thus SEA modules of different proteins are structurally homologous domains. It should be noted that one of the best-studied membrane-associated mucins, namely rat Muc4 (formerly called 'asialoglycoprotein' or 'ASGP'), does not contain a SEA module, but undergoes proteolytic cleavage at a different (aspartic acid↓proline) target site, with noncovalent re-association of fragments (heterodimeric subunits) and involvement in many signal transduction-mediated events [3, 19] . Thus SEA modules, although important, may not be the only motif used by surface mucins to allow cleavage and to initiate a signalling cascade.
Cleavage of the core peptide of MUC1 near the C-terminus was first described by Ligtenberg et al. [20] and localized to a stretch of residues N-terminal to the transmembrane segment. The specific cleavage site (G/SVVV) was later identified by Parry et al. [17] , and both groups confirmed that the cleaved fragments remain associated after cleavage by non-covalent bonds. The location of this site within a SEA module and the existence of several MUC1 mutants and splice variants, led Wreschner et al. [15] to test whether there were specific SEA-module sequence requirements for cleavage and, in particular, for re-association of the cleaved fragments. One cluster (− 43 to − 59 residues N-terminal of the G/S site near the N-terminal border of the SEA module) was needed for cleavage, while several other clusters (− 1 to − 4, − 10 to − 21, − 28 to − 32 and + 1 to + 12, where 0 represents the serine residue of the G/S site) were determined as needed for re-association of the fragments. Because of the lack of sequence homology among SEA modules, these clusters cannot be extrapolated to other mucins as general requirements for SEA module function. However, the results suggest as a minimum that binding sequences located in regions remote from the G/S target site may govern the efficiency of cleavage or re-association of fragments or both.
Factors influencing cleavage in the C-terminal SEA module of rMuc3
The results of our studies indicate that early cleavage of rMuc3 requires the presence of the target G/SIVV site and sequences distant from it. The truncated p20t product, which includes 22 amino acids C-terminal of the site, did not get cleaved, whereas longer products (such as p20) did. The p20SEA product was also cleaved, indicating that the presence of EGF2, and domains further C-terminal to it, were not required for cleavage. Since MUC1 is cleaved efficiently and yet contains no EGF regions, it is likely that EGF regions are not needed for cleavage of rMuc3 or any other membrane mucins.
The possibility that N-glycans in rMuc3 could have an influence on cleavage was investigated in the present study, since Nglycosylation can exert profound effects on polypeptide folding and stability [21] . We wondered if failure of post-or cotranslational N-glycosylation might prevent accessibility of the cleavage enzyme to the target G/S site. Despite tunicamycin treatment of cells, however, cleavage of the SEA module proceeded. In the same experiments it was noted that some non-cleaved non-glycosylated product accumulated. The lack of complete cleavage may or may not be a direct effect of inhibition of rMuc3 N-glycosylation, since tunicamycin is expected to have widespread effects on many other cell glycoconjugates, including putative cleavage enzymes. However, our findings raise the possibility that efficient cleavage may depend on the correct threedimensional configuration of the SEA module, which, in turn, could be influenced by ER-mediated N-glycosylation. Suitable N-glycan site mutants will need to be constructed to test this hypothesis.
Factors influencing re-association of rMuc3 cleavage products N-glycosylation was not required for re-association of rMuc3 cleaved fragments, since the two were co-immunoprecipitated by anti-V5 antibody in cells previously treated with tunicamycin. The same was true if the products were deglycosylated by Nglycosidase F before immunoprecipitation (Figure 3, lane 6) . Reassociation of the fragments was, however, prevented by SDS (2 %) or by boiling of samples, indicating that strong non-covalent interactions are responsible for holding the fragments together. All of the structural and/or sequence information required to promote re-association probably lies within the peptide backbone of the SEA module, since construct p20SEA (which lacks EGF2 and further C-terminal domains) exhibited re-association of the cleaved fragments.
Factors influencing membrane targeting of rMuc3
Although many membrane mucins are likely to undergo SEAmodule cleavage, there are no studies to date which establish whether cleavage is a requirement for correct targeting of a mucin to its final destination in the plasma membrane. For rMuc3, cleavage was not a prerequisite, since the expressed p20s/a mutant, which is not cleaved, was nevertheless immunolocalized to the plasma membrane. N-glycosylation was also not required, since tunicamycin-treated cells still permitted surface-membrane targeting of the non-glycosylated fragments. The only apparent requirement for membrane targeting was the presence of domains on the C-terminal side of the SEA module (presumably the TM and/or C-tail segment). Without these, as in the p20t or p20SEA constructs, the expressed products were not on the plasma membrane, but were found chiefly in the medium.
The cleavage endoproteinase
The enzyme(s) responsible for SEA-module cleavage at the G/SVVV site has not been identified. It doubtless resides in the ER compartment, since cleavage occurs within 15 min of protein synthesis [10] . Further, the responsible enzyme(s) is (are) likely to be ubiquitous, since proteins containing SEA modules are found in cells all over the body. Parry et al. [17] have suggested that kallikrein-like proteinases may be responsible, but no investigations to identify specific enzymes have been reported to date.
Implications
It is very likely that membrane mucin cleavage fragments function generally in a ligand-receptor partnership as suggested earlier [15] , to regulate intracellular signal transduction and thereby play a role in diverse processes such as growth, differentiation, cellcell, or cell-bacterial interactions, immune cell recognition and/or metastases. Considerable evidence has been reported to support this hypothesis using MUC1, MUC4 and rat Muc4 as models of membrane mucins [1, 3, 22, 23] . Signal transduction is mediated by phosphorylation of tyrosine (or serine) residues in the C-tail domain [2] . Judging from the results of the present study, and the presence of a tyrosine phosphorylation consensus sequence in the C-tail [24] , rMuc3 will also serve as a useful model in intestinal cells. Knowledge of the factors governing cleavage and re-association of membrane-mucin segments may be expected eventually to lead to the design of specific blocking agents which could prevent or modify deleterious effects of mucin-induced signalling in human diseases such as cancer, bacterial infection or inflammatory bowel disease.
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